Earth's atmospheric composition has changed significantly over geologic time. Many redox active atmospheric constituents have left evidence of their presence, while inert constituents such as dinitrogen gas (N 2 ) are more elusive. In this study, we examine two potential biological indicators of atmospheric N 2 : the morphological and isotopic signatures of heterocystous cyanobacteria. Biological nitrogen fixation constitutes the primary source of fixed nitrogen to the global biosphere and is catalyzed by the oxygen-sensitive enzyme nitrogenase. To protect this enzyme, some filamentous cyanobacteria restrict nitrogen fixation to microoxic cells (heterocysts) while carrying out oxygenic photosynthesis in vegetative cells. Heterocysts terminally differentiate in a pattern that is maintained as the filaments grow, and nitrogen fixation imparts a measurable isotope effect, creating two biosignatures that have previously been interrogated under modern N 2 partial pressure (pN 2 ) conditions. Here, we examine the effect of variable pN 2 on these biosignatures for two species of the filamentous cyanobacterium Anabaena. We provide the first in vivo estimate of the intrinsic isotope fractionation factor of Mo-nitrogenase (ε fix = −2.71 ± 0.09‰) and show that, with decreasing pN 2 , the net nitrogen isotope fractionation decreases for both species, while the heterocyst spacing decreases for Anabaena cylindrica and remains unchanged for Anabaena variabilis. These results are consistent with the nitrogen fixation mechanisms available in the two species. Application of these quantifiable effects to the geologic record may lead to new paleobarometric measurements for pN 2 , ultimately contributing to a better understanding of Earth's atmospheric evolution.
| INTRODUC TI ON
The coevolution of Earth's atmosphere and biosphere over geological time offers the possibility for microbial species to reveal a wealth of knowledge about Earth's history. The chemical composition and physical structure of Earth's ancient atmosphere are active areas of research because these properties can leave perceptible imprints on rocks (Rasmussen & Buick, 1999; Som, Catling, Harnmeijer, Polivka, & Buick, 2012; Som et al., 2016) . Here, we focus on dinitrogen (N 2 ), a relatively inert gas due to the triple bond between nitrogen atoms, yet a crucial element for life, as nitrogen is a key component of amino acids, nucleic acids, and ATP. Several nitrogen sources and sinks control the atmospheric nitrogen concentration. The magnitudes of these fluxes are likely to have changed over geological time (Som et al., 2016), which would have significantly affected N 2 partial pressure (pN 2 ) in the past. Independent methods, including paleobarometric measurements (Busigny, Cartigny, & Philippot, 2011; Som et al., 2012; Marty, Zimmerman, Pujol, Burgess, & Philippot, 2013; Som et al., 2016; Avice et al., 2018 ; summarized schematically in Figure 1 ) and modeling efforts (Barry & Hilton, 2016; Berner, 2006; Goldblatt et al., 2009; Johnson & Goldblatt, 2017 Mallik, Li, & Wiedenbeck, 2018; Stüeken, Kipp, Koehler, Schwieterman et al., 2016) , have attempted to constrain pN 2 throughout Earth's history. However, these methods have yielded conflicting upper limits for early Earth pN 2 , warranting the search for additional proxies.
Physical markers for air pressure in the geologic record have been interrogated to reveal information about the ancient atmosphere, but are limited in usefulness because they require uncommon depositional histories. Fossil biological structures and isotopic biomarkers may hold additional clues about the atmosphere because biology responds more readily to environmental changes than geology does.
Cyanobacteria are photosynthetic oxygen-producing bacteria that have existed on Earth for at least 2.35 billion years (Ga; Kopp, Kirschvink, Hilburn, & Nash, 2005; Ward, Kirschvink, & Fischer, 2016) and possibly longer (up to 3 Ga; Buick, 2008; Planavsky et al., 2014; Eickmann et al., 2018) . The onset of oxygen accumulation in our atmosphere 2.4 Ga ago, a major biogeochemical transition of the Earth surface environment commonly referred to as the Great Oxidation Event (GOE), has been linked to their ecological dominance (Kopp et al., 2005) . In addition, cyanobacteria contribute the largest flux of biologically available nitrogen to Earth's ecosystems through their ability to convert N 2 to organic nitrogen through nitrogen fixation (Equation 1; Gallon, 1992) . This enzymatic process is believed to have arisen early in cyanobacteria, as biochemical considerations suggest a likely emergence of nitrogenase before the rise of atmospheric oxygen 2.4 Ga ago (Broda & Peschek, 1983; Fani, Gallo, & Lio, 2000; Navarro-Gonzalez, McKay, & Mvondo, 2001) . Isotopic evidence points to the possible existence of this enzyme during the Archean (Beaumont & Robert, 1999; Stüeken, Buick, Guy, & Koehler, 2015) .
| Heterocyst pattern
Among the multitude of cyanobacteria genera, Anabaena are of particular interest as potential pN 2 proxies. Anabaena are photosynthetic organisms that can overcome inorganically fixed nitrogen limitation in their environment through nitrogen fixation.
Because nitrogenase, the enzyme responsible for nitrogen fixation, is inactivated by oxygen, Anabaena have evolved specialized cells known as heterocysts to protect nitrogenase during nitrogen fixation. Thus, heterocysts spatially separate the two incompatible processes that operate in Anabaena sp.: photosynthesis and nitrogen fixation. Nitrogenase expression and heterocyst development likely begin when photosynthetic vegetative cells become starved of bioavailable nitrogen beyond a threshold (Brown & Rutenberg, 2014; Fleming & Haselkorn, 1973; Kulasooriya, Lang, & Fay, 1972) . Some vegetative cells then undergo a series of structural and biochemical changes during differentiation into heterocysts, including developing multiple envelope layers (Murry & Wolk, 1989) , increasing their respiration rate (Dalton & Postgate, 1969) , and degrading the photosystem II complex (Thomas, 1970) , that minimize the amount of oxygen present inside the cell. After dissolution into the aqueous environment and diffusion into the vegetative cells, N 2 is believed to enter heterocysts through their terminal pores (Figure 2 ; Walsby, 2007) . N 2 is then fixed by nitrogenase and laterally distributed to neighboring cells along the filaments (Popa et al., 2007 ).
Heterocysts present a substantial energy burden to the filaments, as heterocysts consume energy but do not fix carbon, and only rarely divide to yield vegetative cells that can fix carbon (Wolk, 1965) . Through evolution, this energy burden has led to optimization of the location and number of heterocysts necessary in Anabaena species. The heterocyst frequency is therefore likely regulated in a spacing pattern to achieve the right balance between fixed nitrogen and carbon with minimal energy expenditure. Known factors that control heterocyst development and frequency include the expression of key heterocyst-and nitrogenase-specific genes, as well as the bioavailability of metals (Attridge & Rowell, 1997) and nitrogen (e.g., Golden & Yoon, 2003; Kumar, Mella-Herrera, & Golden, 2009 ) in the environment.
Here, we investigate whether maintenance of the spaced pattern of heterocysts-that is, after the initial pattern is established-is controlled by N 2 availability. In turn, N 2 availability influences the rate of nitrogen fixation by nitrogenase. Assuming that (a) bioavailable nitrogen is completely absent in the environment, (b) a constant amount of nitrogenase is manufactured in each heterocyst, (c) vegetative cells consume fixed nitrogen at a uniform rate during growth and division, and (d) intracellular nitrogen starvation triggers heterocyst differentiation, it seems plausible that heterocyst spacing could respond to, and thus serve as a proxy for, pN 2 .
Considering this, we hypothesize that the distance between adjacent heterocysts along a filament is a reflection of the dissolved concentration of N 2 , which is proportional to atmospheric pN 2 as described by Henry's law (Sander, 2015) when the aqueous and gaseous phases are in equilibrium.
We test the hypothesis that heterocyst spacing is a function of pN 2 with two species of filamentous cyanobacteria: Anabaena cylindrica and Anabaena variabilis. A. cylindrica contains a nif1 gene cluster, which encodes a Mo-dependent nitrogenase expressed exclusively in heterocysts under oxic or anoxic growth conditions (Murry, Hallenbeck, & Benemann, 1984; Thiel, Lyons, Erker, & Ernst, 1995) . As nitrogenase fixes N 2 only in the heterocysts (Figure 2 ), organic nitrogen should propagate along A. cylindrica filaments at a rate proportional to pN 2 with cells midway between heterocysts becoming starved of nitrogen as the filament lengthens. Thus, the heterocyst pattern in A. cylindrica should respond to pN 2 . In A. variabilis, a second Mo-nitrogenase can be expressed in all vegetative
cells by the nif2 gene cluster under anoxic and microoxic growth conditions (Schrautemeier, Neveling, & Schmitz, 1995; Thiel et al., 1995) . Although either nitrogenase (Nif1 or Nif2) can independently satisfy the nitrogen requirements of A. variabilis filaments, they can be expressed simultaneously (Thiel et al., 1995) , precluding a pN 2 -dependent effect on heterocyst spacing. in a metabolic process can be observed in participating reactants and products and is the result of individual enzymes' intrinsic isotope effects (e.g., by nitrogenase in the nitrogen fixation step of Figure 2 ) and the overall sequence, reversibility, and relative rates of all involved reaction steps (Hayes, 2004) . In nitrogen fixation by cyanobacterial filaments, the most substantial isotope effect occurs at the enzymatic step of nitrogen fixation inside the heterocysts (Sra et al., 2004 and test this hypothesis in this study with both A. variabilis and
| Nitrogen isotope fractionation

A. cylindrica.
F I G U R E 1 Current estimates for pN 2 throughout Earth's history, with the assumption that, during the Neoarchean, the main contributor to total atmospheric pressure was likely pN 2 . Constraints are heavily data-limited, but paleobarometric measurements indicate pN 2 has fluctuated in a U-shaped trend, reaching a minimum before the Great Oxidation Event (GOE). Capped arrows denote upper limits. 
| MATERIAL S AND ME THODS
| Strains and culture conditions
Stock cultures of Anabaena cylindrica PCC 7122 and Anabaena variabilis ATCC 29413 were maintained at atmospheric CO 2 in 100-ml Erlenmeyer flasks with 30 ml of nitrate-containing BG-11 medium (Rippka, Deruelles, Waterbury, Herdman, & Stanier, 1979) . All experiments were inoculated at 1% v/v from ~7-day-old washed stock cultures into 10 ml of degassed, nitrate-free culture medium (BG-11 0 ) in 25-ml crimp-sealed anaerobic culture tubes. Media contained ~2 μM Mo and ~100 μM Fe to ensure nitrogenase was not metal-limited and was supplemented with 20 mM HEPES (pK a = 7.5) and adjusted to pH 7.8 prior to sterilization in order to buffer against the slight acidification from CO 2 in the headspace. All stock cultures and experiments were incubated at 27°C on a cool white LED panel secured to a shaking platform agitated at 100 rpm to ensure continuous mixing and prevent localized depletion of CO 2 /N 2 and/or localized buildup N2 .
| Heterocyst patterns
cells were counted as two individual cells as soon the septum separating them was clearly visible. The observation of some detached heterocysts indicated a possible underestimation of average interval length. Taking filament breakage into consideration, the terminal vegetative cell sequences were recorded for estimation of the minimum distances between adjacent heterocysts. All intervals on each given filament were measured, and successive intervals from the same filament were noted for future analysis of correlation. An example of how heterocyst intervals were quantified is provided in Supporting Information Figure S1 . No akinetes were observed in any samples.
| Nitrogen isotope analysis
The isotopic composition of headspace N 2 (δ 15 N N2.gas ) was analyzed by injection into He-purged Exetainer vials (Labco, Lampeter, UK) and continuous-flow IRMS against a N 2 standard of known isotopic composition (−1.9 ± 0.3‰ vs. air N 2 ) using a Gasbench coupled to a Delta V Plus isotope ratio mass spectrometer (Thermo Scientific, 
| Data analysis
All calculations, data processing, and visualizations were performed in R (R Core Team, 2017) and are available online (see Supporting Information Appendix S1 for details). Briefly, the mean and standard error (SE) of the mean for all heterocyst distances (n cbh ) and isotopic data ( Table S5 for data summary and Supporting Information Figure S8 for all data points). Dashed error bars show estimated analytical precision (σ a ). The overall fractionation factor (ε 15 N Norg/N2.gas ) is correlated with pN 2 for both species, increasing in magnitude with 
| RE SULTS
| D ISCUSS I ON
| Heterocyst spacing in Anabaena cylindrica
Our findings support the hypothesis that heterocyst spacing is regu- nitrogen is the limiting nutrient in this experimental system. Thus, Table S6 ).
The presented model of heterocyst spacing captures first-order aspects of the physiological response of A. cylindrica. However, the model likely oversimplifies the biophysical mechanisms occurring.
The significant variation in spacing observed between individual filaments (Supporting Information Figure S2 ) and across cultures grown under the same pN 2 but measured at different growth stages (Figure 4 and Supporting Information Figure S3 ) highlights the important influence of additional factors on heterocyst spacing.
Developmental controls undeniably play an important role in heterocyst development through the expression of regulatory genes that promote differentiation, such as ntcA and hetR (Buikema & Haselkorn, 1991; Wei, Ramasubramanian, & Golden, 1994) 
medium under different pN 2 show nearly identical growth patterns (Supporting Information Figure S4 ), while pN 2 distinctly affects culture growth under nitrogen-fixing conditions (Supporting Information Figure S5 (Stewart & Pearson, 1970) . Though these variables may have affected the nitrogen fixation dynamics, such changes were observed across all pN 2 conditions and thus affected nitrogenase activity similarly.
Overall, we conclude that the heterocyst pattern in A. cylindrica is clearly and systematically influenced by pN 2 , but the extent to which this is physiologically regulated, and the direct mechanisms underlying this response merit further investigation.
| Heterocyst spacing in Anabaena variabilis
Heterocysts must be the only site of nitrogen fixation in the cyanobacterial population in order for the derived enzyme kinetics-driven interpretation to be applied to heterocyst spacing. As expected, this Our model for heterocyst spacing assumes that intracellular nitrogen starvation triggers heterocyst differentiation. Therefore, it is perhaps puzzling why both Nif1 and Nif2 nitrogenases simultaneously operate and heterocysts develop in A. variabilis despite the fact that individual vegetative cells should not be nitrogen-starved because Nif2 can fully support the nitrogen needs of the filaments (Thiel et al., 1995) . To explain this fact, as well as observations that heterocysts can still differentiate in mutant Anabaena organisms incapable of nitrogen fixation by Nif1 nitrogenase (Buikema & Haselkorn, 1991; Thiel & Leone, 1986; Wilcox, Mitchison, & Smith, 1975) , Thiel and Pratte (2001) propose that heterocyst development is not controlled by the nitrogen insufficiency of individual cells and furthermore that the heterocyst spacing pattern is not influenced by products of nitrogen fixation. However, results from our A. cylindrica experiments (Figure 4) (Thiel & Pratte, 2001 ). Though it is clear that the heterocyst pattern is at least partially controlled by nitrogenase kinetics, it is unclear whether this influence is direct (via the rate of fixed nitrogen distribution) or indirect (via effects on expression of heterocyst-related genes such as hetR and patS). Future studies should elucidate how this effect is mediated.
| Heterocyst spacing as paleoproxy for atmospheric N 2 levels
This study reinforces the notion that morphological features in preserved cyanobacteria filaments may be useful to understand ancient atmospheric N 2 levels. However, the lack of reliable fossil heterocysts in the Precambrian record poses a significant challenge to the application of this paleobarometer. Fossilized cyanobacteria with convincing heterocysts have been found in the 400-million-year (Ma)-old Rhynie Chert of Scotland (Croft & George, 1959) , but most reports of older fossil heterocysts (e.g., Figure 6 ; Schopf, 1968; Licari & Cloud, 1968 Cloud, 1976; Awramik & Barghoorn, 1977; Nagy, 1978) are disputed, so cannot reliably be used for interpreting ancient pN 2 . Heterocysts may be absent from the early geologic record because they were not well preserved during Earth's history or have been largely overlooked thus far (Golubic, Sergeev, & Knoll, 1995; Pang et al., 2018) . Alternatively, heterocystous cyanobacte- (Anbar et al., 2007) . Time calibrations based on integrated phylogenetic and phenotypic data suggest that heterocystous cyanobacteria evolved 2,450-2,100 Ma ago (Tomitani et al., 2006) , but possibly more recently (Uyeda, Harmon, & Blank, 2016) . The presence of akinetes in the fossil record may additionally provide a minimum age constraint for the evolution of heterocysts, as akinetes are exclusively a feature of heterocystous cyanobacteria today (Castenholz, 2001 ) and likely arose after heterocysts (Sanchez-Baracaldo et al., 2005) . Akinete fossils have been discovered in cherts ranging from 2,000 to 720 Ma old (Amard & Bertrand-Sarfati, 1997; Golubic et al., 1995; Pang et al., 2018; Sergeev, 2009; Sharma, 2006; Srivastava, 2005; Tomitani et al., 2006) . In addition to the need for more reliable heterocystous fossils, further work is necessary to conclusively ascertain that heterocyst spacing in fossils such as these will be useful as a paleobarometer.
The relationship between heterocyst distance and pN 2 is not without ambiguity. The wide distribution of interval lengths ob- 
| Nitrogen isotope fractionation in Anabaena species
We observed a strong correlation between pN 2 and the nitrogen isotope fractionation (ε 15 N Norg/N2.gas ) of Anabaena cylindrica
and Anabaena variabilis filaments. Under the modern atmosphere of 0.8 bar N 2 , nitrogenase tends to discriminate against 15 N by up to 2.8‰ (Bauersachs et al., 2009; Macko et al., 1987; Minagawa & Wada, 1986) . Here, we show that low N 2 availability creates a F I G U R E 6 Fossilized cyanobacteria filaments with two purported yet presently disputed heterocysts. Shown are fossils from (a and c) ~2 Ga old Gunflint Iron Formation, southern Ontario (Awramik & Barghoorn, 1977; Licari & Cloud, 1968) ; and (b) ~2.3 Ga old Malmani Dolomite, South Africa (Nagy, 1978) . Contribution to this fractionation by alternative nitrogenases, which have been shown to express different fractionation factors in vivo (Rowell, James, Smith, Handley, & Scrimgeour, 1998; Zhang et al., 2014) , can be ruled out because A. cylindrica only possesses a single Mo-nitrogenase (Attridge & Rowell, 1997) and
A. variabilis was not starved of molybdenum (see Materials and
Methods), which would have otherwise triggered synthesis of the vanadium-dependent nitrogenase (Thiel, 1993) . Importantly, this speculative link between the isotopic effect and heterocyst number is merely a hypothesis suggested by our observed data and should be further investigated. Previous studies have shown that heterocyst frequency does not directly correlate with nitrogenase activity (e.g., Kangatharalingam, Priscu, & Paerl, 1992) , and we acknowledge this relationship is likely more complex than our interpretation. However, given that pN 2 exerts a clear influence on heterocyst frequency (Figure 4) , we interrogate our data under the assumption that (with all other parameters equal) pN 2 affects the kinetics of nitrogenase.
The observed reservoir effects are analogous to similar phenomena observed for various carbon fixation systems (Farquhar, 1982; Laws, Popp, Bidigare, Kennicutt, & Macko, 1995) . Such systems have been well described by metabolic flux models relating the observed isotope fractionation to the intrinsic isotope effects of the individual reaction steps, their relative reversabilities, and the concentrations of the relevant substrates (Farquhar, 1982; Guy, Reid, & Krouse, 1986; Hayes, 2001; Laws et al., 1995) . Following the approach employed by Laws et al. (1995) to understand the growth ratedependent organismal isotope effect during carbon fixation in phytoplankton, we derive a steady-state model (see Supporting
Information Appendix S5 and Supporting Information Figure S10 for details) that relates the observed organismal isotope fractionation (ε Norg/N2.gas ) to the partial pressure of N 2 (pN 2 ), the growth rate (μ), and the heterocyst spacing (n cbh ):
where ε aq/g is the equilibrium fractionation factor between the aqueous and gaseous phase of N 2 ; ε fix is the intrinsic kinetic isotope fractionation factor of nitrogenase during the nitrogen fixation; and K 1 , K Y, and K H are the N 2 diffusion rate constant, growth yield, and Henry's constant, respectively. In combination with available experimental literature data on ε aq/g (Supporting Information Figure S11 ; Klots & Benson, 1963; Knox, Quay, & Wilbur, 1992; Lee, Sharp, & Fischer, 2015) , Equation 4 enables an in vivo estimate of the intrinsic isotope fractionation factor of nitrogenase (ε fix ) from the intercept of the regression of ε Norg/N2.gas versus ⋅n cbh pN2
as illustrated in Figure 7 (with ε aq/g = 0.70 ± 0.080).
Because this derivation requires that nitrogen fixation occurs exclusively in heterocysts in the cyanobacterial population, only data from A. cylindrica are used to estimate ε fix . The additional proportionality constants K 1 and K Y included in the slope of the regression cannot be fully resolved in this study but may be of interest in future work.
Our study is the first in vivo estimate of the intrinsic isotope effect of nitrogenase itself (ε fix = −2.71 ± 0.09‰) for the overall isotope fractionation in nitrogen fixation (ε Norg/N2.gas ). To our knowledge, the only other available estimate is based on in vitro work with purified nitrogenase extracts (Sra et al., 2004 ) that yielded a significantly larger ε fix (in excess of 10‰). This discrepancy possibly arose from our examination of this isotope effect (4) Norg N2.gas in A. cylindrica versus Azotobacter vinelandii by Sra et al. (2004) . (Boyd & Peters, 2013; Fani et al., 2000; Stüeken et al., 2015) . The nitrogen isotope record spans most of Earth's history and has been widely interrogated (e.g., Beaumont & Robert, 1999; Importantly, Mo-nitrogenase may have evolved by 3.2 Ga (Stüeken et al., 2015) , and Mo appears to have been sufficiently available to support its metabolism at this time (Glass, Simon-Wolfe, Elser, & Anbar, 2010; Planavsky et al., 2014; Zerkle, House, Cox, & Canfield, 2006) . Between the Mesoarchean and late Paleoproterozoic, average δ 15 N values become progressively heavier (generally up to ~+10‰), reflecting the emergence of an aerobic nitrogen cycle and increasingly enhanced rates of denitrification (Garvin, Buick, Anbar, Arnold, & Kaufman, 2009; .
The Mesoproterozoic is characterized by localized euxinic, oxic, and anoxic regions of the ocean (Anbar & Knoll, 2002; Planavsky et al., 2011; Shen, Knoll, & Walter, 2003) . Isotopic evidence supports the hypothesis that, during this time, nitrification and denitrification prevailed in surface and coastal waters (δ 15 N up to +5‰), while nitrogen fixation dominated in the deep ocean (δ 15 N = −2 to +2‰; Stüeken, 2013) . From the late Neoproterozoic onwards, the nitrogen cycle has resembled that of the modern ocean (Ader et al., 2014) .
In addition to the evolving redox states of Earth's ocean, δ 15 N trends through history could reflect higher atmospheric pN 2 and/or lower biomass of diazotrophs in the past (Figure 7 ).
More specific conclusions about ancient pN 2 cannot presently be drawn using our data due to several limitations of both the δ 15 N record and our paleoproxy. Most importantly, more δ 15 N measurements from Precambrian rocks are needed, yet the geologic record of early Earth is not well preserved due to metamorphic and diagenetic overprints that obscure δ 15 N signals . Denitrification can also mask the isotope effect of nitrogen fixation (Sigman & Casciotti, 2001 ), so our paleoproxy may be best applied to ancient fixed nitrogen that did not undergo subsequent alteration. Biological nitrogen preserved from the early Archean may satisfy such conditions, as nitrogen fixation dominated while denitrification was virtually nonexistent during this time (Stüeken et al., 2015; Thomazo & Papineau, 2013) . However, given that heterocystous cyanobacteria likely evolved well after the early Archean (Tomitani et al., 2006; Uyeda et al., 2016) euxinia, as such conditions inhibit nitrification and denitrification (Ward, 2008) . However, because euxinia can reduce the bioavailability of Mo (Helz et al., 1996) , conditions in these regions may have been more favorable to alternative nitrogenases than to Monitrogenase (Zhang et al., 2014) . Thus, our δ 15 N paleoproxy would benefit from added insight into the effect of pN 2 on the isotope fractionation by alternative nitrogenases. Finally, the relatively small influence of pN 2 on the isotope variation observed in this study necessitates greater analytical precision of δ 15 N measurements in rocks than is currently available.
| CON CLUS ION
Cyanobacteria are an ancient lineage of organisms that continue to thrive today. As such, current species can be used as proxies for ancestral strains, enabling extrapolation about their environmental conditions. We have shown that Anabaena cylindrica record pN 2 levels in heterocyst formation patterns, while Anabaena variabilis filaments do not express a heterocyst pattern in response to pN 2 .
This response may therefore be species-specific. Furthermore, the large biological variability in heterocyst spacing observed at each pN 2 condition challenges the use of this morphological phenomenon as a geobarometer because of necessary statistical requirements. Future work should further investigate the relationship between pN 2 , heterocyst distance, and nitrogen isotopic effect; interrogate these responses at high pN 2 (>0.8 bar); and refine the limitations of their use as paleoproxies. Application of these tools to the geologic record will ultimately contribute to a better understanding of the ancient atmosphere and past nitrogen biogeochemical cycles.
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